Ring-hydroxylating dioxygenases are multicomponent bacterial enzymes that catalyze the first step in the oxidative degradation of aromatic hydrocarbons. The dioxygenase from Sphingomonas CHY-1 is unique in that it can oxidize a wide range of polycyclic aromatic hydrocarbons (PAHs). With a crystal structure similar to that of the seven other known dioxygenases, its catalytic domain features the largest hydrophobic substrate binding cavity characterized so far. Molecular modeling studies indicated that the catalytic cavity is large enough to accommodate a five-ring benzo [a]pyrene molecule. The predicted positions of this and other PAHs in the substrate binding pocket are consistent with the product regio-and stereo-selectivity of the enzyme.
The first step in the biodegradation of aromatic hydrocarbons by aerobic bacteria often involves a dihydroxylation on two adjacent carbon atoms of the aromatic ring, catalyzed by a ring-hydroxylating dioxygenase (RHD). RHDs form a large family of enzymes, very diverse in terms of substrate specificity and protein sequence [1] . Their role is crucial in the degradation of many organic pollutants, including polycyclic aromatic hydrocarbons (PAHs), which are notorious for their resistance to biodegradation. Several bacteria were found to degrade PAHs but only a few have been reported to attack four and five ring PAHs [2, 3] . In Sphingomonas strain CHY-1 a single RHD has been shown to be responsible for the oxidation of a wide range of PAHs [4] . This dioxygenase consists of three components, a NADH-dependent reductase (PhnA4), a ferredoxin containing a Rieske type [2Fe-2S] cluster (PhnA3), and a terminal oxygenase, PhnI, containing both a mononuclear iron [Fe 2+ ] and a [2Fe-2S] Rieske cluster [5] . Recent biochemical studies showed that the dioxygenase from strain CHY-1 was able to oxidize at least eight PAHs made of 2 to 5 aromatic rings, in contrast to most other dioxygenases, whose selectivity is limited to 2 and 3 ring PAHs [6, 7, 8] . A positive electron density observed in the PhnI refined three-dimensional structure served as probe in modeling different substrates in the catalytic pocket. This study presents evidence that the broad substrate specificity of the enzyme is primarily due to the large volume and particular shape of its catalytic pocket.
Material and Methods
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The purification of recombinant His-tagged PhnI was performed as described previously [5] . The protein was further purified by gel filtration chromatography following His-tag removal by thrombin cleavage. Crystals were grown at room temperature using the sitting drop method and a crystallization solution derived from Cryoscreen solution 67 (Nextal Biotechnologies, Montreal, Quebec, CA). Crystals that diffracted up to 1.85 Å resolution (Jakoncic, unpublished work) were obtained by further covering each well with mineral oil [9] . Diffraction data were recorded on beam line X6A at the National Synchrotron Light Source [10] . The 3D structure was determined by molecular replacement, using the α-subunit from naphthalene dioxygenase from Pseudomonas sp.
Strain NCIB 9816-4, NDO-O 9816-4 [6] and the β-subunit from cumene dioxygenase from P.
fluorescens strain IP01, CDO-O IP01 [11] as templates. The model was refined using REFMAC [12] and COOT [13] to R and R free factors of 19.7 and 23.6 %, respectively ( Fig.   1 ). Most of the amino acids are present in the final model (PDB accession code 2CKF), with the exception of residues in the C-and N-termini regions and a highly flexible region at the entrance of the catalytic pocket LI (residues 221 to 240) and LII (residues 253 to 265) described in the following section.
Results and Discussion
The PhnI catalytic domain. The PhnI quaternary and tertiary structures were found to be similar to those of other RHDs, featuring a α 3 β 3 arrangement with each αβ heterodimer ( Fig. 1 ) related to the other by a non-crystallographic three-fold axis [6] . Each α-subunit can be divided into a Rieske-cluster containing domain and a catalytic domain hosting one mononuclear iron. The core region of the catalytic domain is dominated by a nine-stranded anti-parallel β-sheet that divides the domain into two parts: the active site of the enzyme on one side of the β-sheet and the Rieske domain on the other. Strategically located in the vicinity of the catalytic iron atom, and covering one side of the sheet, lies a highly conserved secondary structure amongst RHDs, a α-helix that extends from residues 336 to 373 in PhnI. The mononuclear Fe atom is located in the center of a 35 Å long cavity extending from the solvent to the anti-parallel β-sheet. On one side of the cavity, a hydrophobic pocket extends from the solvent to the mononuclear iron (Fig. 1) . Two solvent exposed loops, LI and LII, form the entrance of the pocket. The overall temperature factor of the Cα main chain in this region is relatively higher compared to the rest of the molecule; the B factor being highest for LI. While LI was relatively well defined in one of the α monomers with only five missing amino acids (Fig.1) , it was barely detectable in the other two. LII on the other hand was fully defined in the electron density maps, but presented a different conformation for each of the monomers. Highly flexible structures are also observed in the corresponding regions for other RHDs, suggesting that LI might control the access to the catalytic pocket.
In the PhnI crystal structure, an unidentified ligand could be observed in two of the three catalytic pockets. As shown in (equivalent to loop LI in PhnI) underwent a significant conformational change upon substrate binding [16] .
Sequence identity of structurally analogous residues lining the catalytic pocket for different dioxygenases of known crystallographic structure shows that PhnI presents the highest sequence identity with NDO-O 9816 and the lowest with carbazole-1-9α-dioxygenase from P. resinovorans strain CA10 (CARDO-O CA10 ) [17] . The classification presented in Table   1 , based on α-subunit sequence homology and substrate specificity, is consistent with current classifications [18] . The PhnI catalytic pocket represented in Fig. 3 can be divided into three regions, distal, central and proximal, depending on the distance to the mononuclear Fe atom (Table 1 ). Compared to other dioxygenases, the PhnI pocket is rather uniform in shape and does not present any kinks or torsions as was found for example for BPDO-O RHA1 [15] . (Table I ). The diversity in residues structurally equivalent to Ile 260 in PhnI must relate to the different substrate specificity observed between the members of the naphthalene dioxygenase family.
Substrate specificity. To explore the substrate specificity of PhnI from a structural point of view, 2, 3, 4 and 5 ring PAHs were modeled into the catalytic pocket of the refined structure (PDB access code 2CKF). The structures of the enzyme-substrate complexes described for NDO-O 9816 and BPDO-O RHA1 (PDB access codes 1O7G and 1ULJ), were first used to fit and adjust the position of naphthalene and biphenyl substrates in the PhnI catalytic pocket. As the pocket is narrower in the proximal region (Fig.4) , modeling indicated that the two-ring substrates would be locked in a single position consistent with the finding that PhnI hydroxylates naphthalene and biphenyl, respectively, in positions 1,2-and 2,3- [5] . Phenanthrene, a three ring angular molecule, could theoretically be hydroxylated in positions 1,2-, 3,4-, or 9,10-. However, due to steric constraints imposed by the PhnI pocket, only one position, which would bring the C3 and C4 carbon atoms close to the active Fe atom site, is allowed. This analysis corroborates enzymatic assays for which cis-3,4-phenanthrene dihydrodiol was the only product detected [5] . interesting to note all RHDs of known structure have an aromatic residue at a position equivalent to Trp 358, except PhnI, which has a leucine in the corresponding position.
In conclusion, PhnI is endowed with a remarkable broad specificity towards high molecular weight PAHs, which might be explained by the shape and size of its substrate binding pocket. The PhnI pocket was found to be at least 2 Å longer and wider at the entrance a unique feature between dioxygenases of known structures certainly allowing the five-ring benzo[a]pyrene to bind to the catalytic Fe. Modeling of various PAHs showed that Phe 350 in the central region of the pocket is essential for the regio-and substrate specificity, while Leu 223 and Ile260 in the distal region contribute to the specificity of high molecular weight PAHs. Further studies involving replacements of specific residues of the substrate-binding pocket by site-directed mutagenesis should bring new insights into the role of these residues in the catalytic activity of the enzyme.
hal-00377528, version 1 -22 Apr 2009 Table 1 . Residues lining the catalytic pocket of dioxygenases of known structure.
(footnote) Relative position to the catalytic Fe: D, distal; C, central and P, proximal. (--) no structurally equivalent residues were observed. Substrate free structures were used in the comparison [6, 16, 7, 12, 15, 17, 18] . 2fo-fc at 1σ, in cyan and fo-fc at 3σ, in red. fo-fc maps contoured at the -3σ level did not present any residual density and are not shown. In this configuration, the C3 atom of indole is located 2 Å from the closest water molecule, in red, which is 2.6 Å from the mononuclear Fe atom shown in green and at 2.2 Å from the second coordinated water molecule. The figure was produced with BOBSCRIPT [23, 24] and Raster3D [25] . 
